An isotope dilution inductively coupled plasma mass spectrometry (ICP-MS) method has been developed for the determination of Hg and Pb in fuels using flow injection vapor generation (VG) as the sample introduction system. A simple and inexpensive in-situ nebulizer/vapor generator was employed in this study. An emulsion containing 10% v/v fuel, 2% m/v Triton X-100 and 1.0% m/v tartaric acid was injected into VG-ICP-MS system for the determination of Hg and Pb. Sodium borohydride was used for vapor generation. Since the sensitivities of Hg and Pb in emulsion and those in aqueous solution are quite different, isotope dilution and standard addition methods were used for the determination of Hg and Pb in selected fuel samples. The influences of vapor generation conditions and emulsion preparation on the ion signals are reported. This method has been applied for the determination of Hg and Pb in various fuel samples such as diesel, gasoline and engine oil obtained locally. The analytical results obtained by isotope dilution and standard addition methods were in good agreement with each other and also with those of digested samples analyzed by pneumatic nebulization ICP-MS. Under the optimum operating conditions, the detection limits obtained were 0.02 and 0.03 ng mL -1 for Hg and Pb, respectively, in prepared emulsified solutions, corresponding to 0.2 and 0.3 ng mL -1 of Hg and Pb, respectively, in the original fuel samples.
Introduction
Most analyses by inductively coupled plasma mass spectrometry (ICP-MS) are carried out on solutions using a conventional pneumatic nebulizer. However, the types of analytical tasks that are solved by ICP-MS can be extended using a number of other sample introduction techniques. Vapor generation (VG) is one of the sample introduction techniques that are currently employed in ICP-MS. Several reports have showed that the sensitivity and detection limits of vapor-forming elements are greatly improved when they are introduced into the plasma as vapors. [1] [2] [3] [4] [5] Additionally, it was also shown that appropriate vapor generation conditions can be used to remove or separate the analyte from problematic matrix species which would otherwise cause spectral and non spectral interferences. 5, 6 Vapor introduction in flow injection mode is a simple and rapid technique that has been coupled to ICP-MS previously. 7, 8 The presence of some elements in fuels can damage the performance of the motor, by decomposing the fuel, by forming precipitates or by promoting the corrosion of the motor parts. 9 Toxic elements in fuels represent an important source of pollution, even in low concentrations, since the consumption of fuels is very high. The combustion of fuel releases toxic elements present in it to the atmosphere and hence it is very important to quantify their concentrations, which would enable us to take preventive measures if necessary. 10 A variety of methods based on AAS, [11] [12] [13] [14] [15] ICP-OES [16] [17] [18] [19] and ICP-MS 9,20-25 have been reported for the determination of trace elements in fuels. Most of the techniques require sample pretreatment. These pretreatment methods are often tedious and time consuming with the consequent risk of sample contamination and analyte loss. A sensitive, rapid and simpler procedure is desirable for routine monitoring of trace elements in fuel samples. The formation of an emulsion with the fuel and emulsifying agent has been used for element analysis in fuels with AAS, ICP-OES and ICP-MS detection systems. 9, 26, 27 In our previous study, VG-ICP-MS has been applied for the determination of As, Cd, and Hg in emulsified vegetable oils. 28 The aim of the present work is to develop an accurate flow injection isotope dilution ICP-MS method with a vapor generation sample introduction device for the determination of Hg and Pb in fuels. Isotope dilution (ID) techniques have been used in several previous ICP-MS applications to ensure accurate determinations. 28, 29 Since another isotope of the same element represents the ideal internal standard for that element, ID results are expected to be highly accurate, even when the sample contains high concentrations of concomitant elements and/or when losses occur during sample preparation or during sample introduction into the ICP. In this work, a simple vapor generation system without the conventional gas-liquid phase separator has been employed as the sample introduction device, due to simplicity, for flow injection (FI) ICP-MS analysis. 8 The sample was introduced by FI to minimize the deposition of solids on the sampling orifice. The sampler would clog in a few minutes if difficult fuel matrices were introduced continually with the sample introduction system used in the present work. The fuel samples were diluted in 2% m/v of Triton X-100 to form the emulsified solutions and treated with NaBH4 for the determination of Hg and Pb by FI-VG-ICP-MS. The influences of vapor generation conditions and emulsion preparation on the ion signals are reported. This method has been applied for the determination of Hg and Pb in diesels, gasoline and engine oil obtained locally.
Experimental

Apparatus and conditions
An ELAN 6100 DRC II ICP-MS (PE-SCIEX, Concord, ON, Canada) was used for this study. Sample solutions were introduced by a pneumatic nebulizer with a Scott-type spray chamber. The ICP operating conditions were selected to maximize the signals of Hg and Pb, while the standard solution was continuously introduced into the ICP by conventional pneumatic nebulization. The ICP-MS operating conditions used in this work are summarized in Table 1 .
In this study, a simple in situ nebulizer/vapor generation sample introduction system was coupled with FI-ICP-MS for Hg and Pb determination. The schematic diagram of the FI vapor generation system is shown in Fig. 1 . A detailed description of the working principle of this vapor generator was given in a previous paper. 8 In this system, only minimal and inexpensive modifications of the existing standard equipment are required. The operating conditions for the vapor generation were optimized by the flow injection (FI) method. A 10% v/v emulsified fuel solution spiked with 1 ng mL -1 each of Hg and Pb was selected as the model to optimize the operating conditions of the vapor generation system.
Reagents
All reagents were of analytical-reagent grade, and deionized water was used throughout. Tracemetal grade HNO3 (70% m/m) and HCl (35% m/m) were obtained from Fisher (Fair Lawn, NJ). NaBH4, NaOH and K3Fe(CN)6 were obtained from Merck (Darmstadt, Germany). NaBH4 solution containing 0.2% m/v NaOH was freshly prepared just prior to analysis. 
Samples and sample preparation
The applicability of the method to real samples was demonstrated by analyzing four diesel oil samples, a gasoline sample and two stroke engine oil samples obtained from a local market. Since the sensitivity of Hg and Pb in various matrices was quite different, the fuel samples were analyzed by isotope dilution and standard addition methods. The emulsion was prepared using the following procedure. A 1-mL portion of the diesel was transferred into a 10-mL flask with the use of a pipette. Suitable amounts of Triton X-100 and tartaric acid were added to make the final solution containing 10% v/v diesel, 2% m/v Triton X-100 and 1.0% m/v tartaric acid. After addition of suitable amounts of enriched isotopes or Hg and Pb element standard solutions and a drop of antifoam, the emulsified solution was diluted to the mark with pure water. The prepared emulsion solutions were heated by microwave (MARS, CEM, Matthews, NC) at 90 C for 30 min. After heating, the solutions were cooled and then sonicated for 5 min in an ultrasonic bath. A blank solution was also prepared, as outlined above, to correct any analyte in the reagents used for sample preparation. These solutions were analyzed for Hg and Pb using ICP-MS by injecting 200 μL of the emulsified solution into the VG system. The concentrations of analytes in the sample were calculated by the equation described in a previous paper 29 and/or from the standard addition calibration curves. Owing to the mass bias effect, the sensitivity of the instrument at different m/z values might be different. Hence, the isotopic compositions of Hg and Pb in both natural elements and enriched isotopes were obtained by determining the intensities of all isotopes by ICP-MS with solution nebulization. The effect of vapor generation conditions on the ion signals was studied using the emulsion prepared by the procedure described above and spiked with 1 ng mL -1 of Hg and Pb. As there is no certified reference material, the accuracy of the method was checked by comparing the results from this method with results obtained by pneumatic nebulization ICP-MS after the decomposition of the same sample. A MARS microwave digester was used to digest the fuel samples. The digestion of the samples has been carried out in a closed XP1500 PTFE vessel using HNO3. To 0.5 mL of samples taken in vessel, 10 mL HNO3 was added.
The microwave system was programmed to maintain the temperature at 200 C for 15 min with a ramp time of 15 min. The digest was diluted another 10 times with pure water and each sample was analyzed by pneumatic nebulization ICP-MS with 1 ng mL -1 of rhodium as the internal standard.
Results and Discussion
Selection of vapor generation conditions
Lead shows higher vapor generation efficiency if it is oxidized to Pb(IV) before the VG reaction. Different combinations of oxidant and acid have been applied for the oxidation of Pb(II) to Pb(IV). [30] [31] [32] [33] In this study, the effects of the addition of hexacyanoferrate(III) 32 and H2O2 31 on the signals of Hg and Pb were investigated carefully. It was found that better signals for Hg and Pb could be obtained when a mixture of Fe(III) and HCl was tested as the oxidant. In the present work, a solution containing K3Fe(CN)6 and HCl was used as the carrier. The rate of generation of volatile vapors greatly depends on the concentration of HCl. In order to find an optimum concentration, vapor generation has been carried out by varying the concentration of HCl while keeping the concentrations of NaBH4 and K3Fe(CN)6 constant. The results are shown in Fig. 2 . The results indicated that the signals of Hg and Pb increased significantly with the increase of HCl concentration, as long as it was less than 0.5% v/v. However, the backgrounds of Hg and Pb also increased with the increase in HCl concentration. To achieve better signal-to-background ratios (S/B) for Hg and Pb, in the following experiments, we added 0.25% v/v HCl to the carrier solution and the injected sample solution. The influence of NaBH4 concentration on the signal intensity of Hg and Pb has also been studied. The results are shown in Fig. 3 . As shown, the signals of Hg and Pb increased with the increase in NaBH4 concentration when it was less than 1.5% m/v. To obtain better S/B for Hg and Pb, we employed a NaBH4 concentration of 1.5% m/v in 0.2% m/v NaOH for the subsequent experiments.
The effect of the concentration of K3Fe(CN)6 on Hg and Pb vapor formation was also studied. The results (Fig. 4) indicated that the peak areas of the Hg and Pb increased gradually with the increase in K3Fe(CN)6 concentration when it was less than 0.15% m/v. However, the signals of Hg and Pb decreased significantly when the iron concentration was greater than 0.15% m/v. This could be due to the interference caused in the solution phase of the vapor generation process 6 and/or due to the non-spectral interference caused by the sample matrix, since the solutions were nebulized and introduced into ICP. In the subsequent experiments, 0.15% m/v K3Fe(CN)6 was selected as the oxidant.
The use of an organic acid in a vapor generation system could improve the vapor generation efficiency of many elements. 6, 8, 28 In this study, the effect of various organic acids on ion signals was studied. From the experiments, it was found that the use of tartaric acid and oxalic acid could improve the peak areas of Hg and Pb simultaneously; however, only the addition of tartaric acid could increase the peak height of the flow injection peaks. Hence, in the study, tartaric acid was added to the carrier and to the injected solution. The effect of the concentration of tartaric acid in carrier and injected solution on Hg and Pb vapor formation was also studied. The results are shown in Fig. 5 . As shown, the peak areas of Hg and Pb increased gradually with the increase of tartaric acid concentration when it was less than 1.0% m/v. In the subsequent experiments, 1.0% m/v tartaric acid was selected.
Studies on the effects of flow rates of NaBH4 solution, K3Fe(CN)6 solution and carrier solution on the peak height and peak area of the flow injection signal revealed that the peak height increased slightly with the increase of flow rate. However, the peak area decreased with the increase of solution flow rate. This could be due to the incomplete reaction at higher flow rates. A solution flow rate of 0.8 mL min -1 was selected. In a separate experiment, we found that the volume of the mixing coil did not affect the ion signal significantly. In this study, a minimum length of mixing coil, 0.75 mm i.d. × 15 cm length, was used for the mixing of carrier, emulsified sample solution and K3Fe(CN)6 solution. Except for the necessary connecting tubing (0.75 mm i.d. × 5 cm length), no extra mixing coil was used after the second mixing tee (Fig. 1) . In summary, the optimum operating conditions of the FI vapor generation system are given in Table 1 .
The reproducibility of the peak area and peak height and the precision of isotope ratio determination were determined by seven consecutive injections of 0.05 ng mL -1 of Hg and 0.5 ng mL -1 of Pb in 10% v/v emulsified diesel solution. The results are listed in Table 2 . The relative standard deviations of the peak area and peak height determinations were better than 2.6 and 3.2%, respectively, for seven consecutive injections. As shown, a better precision of 1.4% could be obtained for isotope ratio determination. Thus, the isotope dilution method is believed to be an accurate quantification method.
Determination of Hg and Pb in fuel by FI-VG-ICP-MS
Inorganic mercury and lead ions and cations of organic mercury and lead compounds show different sensitivities in the vapor generation process. 31, 34 Thus, it is preferred to decompose the organic compounds to inorganic ions to generate accurate results if the fuels do contain certain amounts of organic mercury and lead compounds. To decompose the organic mercury and lead compounds before vapor generation, several methods, including ultrasonication and microwave heating, were tested. In order to evaluate the efficiency of these sample pretreatment methods, calibration curves obtained by standard addition method using 10% v/v emulsified diesel solution and Hg(II) and Pb(II) and/or methyl mercury and triethyl lead standard solution have been plotted. From the experiments, it was found that the sensitivities of Hg and Pb were similar when the emulsified diesel solution was spiked with inorganic and/or organic Hg and Pb standards if the emulsified solutions were heated by microwave at 90 C for 30 min. These results indicated that Hg and Pb in the emulsified fuel could be readily quantified by FI-VG-ICP-MS using inorganic Hg(II) and Pb(II) as the calibration standard. Hence microwave pretreatment was selected.
The FI-VG-ICP-MS method has been applied for the determination of Hg and Pb in selected fuel samples. In order to evaluate the possibility of using external calibration method, we compared calibration curves obtained by standard addition method using 10% v/v fuel emulsion solution and external calibration of aqueous standard. The slopes obtained by external calibration method and standard addition method were 247000 and 411000 counts ng -1 mL, respectively for Hg, and 994000 and 2800000 counts ng -1 mL, respectively for Pb. As can be seen, the sensitivities of Hg and Pb increased significantly in the emulsion matrices. This could be due to a difference in the vapor generation efficiency between emulsion matrix and aqueous solution. Therefore, an external calibration method could not be used for the quantification of Hg and Pb in these samples. Hence, isotope dilution and standard addition methods were used for the determination of Hg and Pb in selected fuel samples. Aliquots of 200 μL of the emulsified fuel were injected for the determination of Hg and Pb using the FI vapor generation system. Peak areas of the flow injection signals were used for quantification. Analysis results are shown in Table 3 . As shown, the analytical results of various fuel samples determined by isotope dilution and standard addition methods were in good agreement with each other and also with those of digested samples using microwaves and analyzed by pneumatic nebulization ICP-MS. All the Hg and Pb results, except the Pb result of the biodiesel, were in good agreement in accordance with the Student's t-test for a confidence level of 95%. The mercury contents in the analyzed fuel samples are too low to be determined by the conventional pneumatic nebulization after digestion. The relative standard deviation obtained by the reported procedure was better than 20% for all determinations. Poorer precision in quantification is expected when transient signals are measured. According to the regulations of the Taiwan government, the maximum allowable concentration of Pb in fuel is 26 μg mL -1 . The concentrations of Pb in the analyzed diesel samples are far below the maximum allowable concentration. These experimental results indicated that Hg and Pb in fuel could be readily quantified by inductively coupled plasma mass spectrometry with vapor generation sample introduction.
Under the selected FI-VG-ICP-MS operating conditions, standard addition calibration plots (four standards) for Hg and Pb were linear with calibration coefficients (r 2 ) better than 0.999. The detection limits were estimated from the standard addition curves based on the concentration necessary to yield a net peak height equal to three times the standard deviation of the blank. The detection limit of Hg and Pb was 0.02 and 0.03 ng mL -1 , respectively, in prepared emulsified solution, which corresponded to 0.2 and 0.3 ng mL -1 for Hg and Pb, respectively, in the original fuel sample. The backgrounds of the flow injection peak of Hg and Pb were about 250 and 35000 counts s -1 , respectively, corresponding to 0.01 and 0.06 ng mL -1 for Hg and Pb, respectively. The background of Pb increased when cold vapor generation sample introduction was used, which could be due to the trace Pb contamination of the reagents used for CV generation and also due to the better analyte transport efficiency with CV generation sample introduction. The use of more purified reagents should lower the detection limit. As shown in Table 4 , the method detection limits obtained by the present procedure are comparable to those for the analysis of petroleum products using contemporary procedures based on direct nebulization after dilution or microwave digestion 11, 15, 21, 35 and vapor generation of the sample after emulsification 35 and/or other detection methods. 9, 10, 36 
Conclusion
The use of flow injection vapor generation ICP-MS provides a simple, rapid and accurate procedure to determine Hg and Pb in fuel without complicated sample pretreatment. The VG could 
